Nanoscale Chevrel Mo6S8 powders are synthesized by molten salt synthesis. Synthesized Mo6S8 powders have different mean particle sizes which are dependent on a ratio of salt to precursor. The particle sizes of Mo6S8 powders changes along with the ratio increase. Mo6S8 (6:1) demonstrates the best electrochemical characteristics among the synthesized Mo6S8 powders although the Mo6S8 (4:1) has the smallest particle size. Mo6S8 (6:1) shows a reversible capacity of 83.9 mAhg −1 , which is 27.5% and 33% improved value over Mo6S8 (2:1) and Mo6S8 (4:1) at a current density of 0.2C, respectively. The superior electrochemical properties of Mo6S8 (6:1) are attributed to the balanced particle size which provides proper contact area with electrolyte and the shortened Mg 2+ diffusion length. The Mo6S8 (4:1) has the smallest particle size but further reduction of particle size from Mo6S8 (6:1) is not advantageous.
Introduction
Rechargeable Mg batteries are one of most promising alternatives to Li system because Mg has several advantages: 1) inexpensive and abundant on the earth, 2) not explosive and not dendrite formative, 3) high specific capacity (3832 mAhcm −3 , 2230 mAhg −1 ) and low reaction potential (−2.356 V vs. SHE), 4) environmentally benign. One of the key issues to develop Mg batteries is to find a compatible electrolyte with wide electrochemical window because the passivation layer on metallic Mg surface can be formed easily in aprotic solvents. 1, 2 Mg anode operates without problems in electrolytes that are not reduced on Mg and thus do not form passivation films on the surface. Aurbach et al. developed a family of electrolytes based on magnesium organohaluminate salt, such as Mg(AlCl 2 BuEt) 2 and (PhMgCl) 2 -AlCl 3 , in a tetrahydrofuran (THF) solvent, which showed impressive electrochemical stability within the electrochemical window of 2.2 V. 3 This amazing progress promoted the development of rechargeable Mg battery.
Using a multivalent charge carrier has mixed sides that would help and hurt electrochemical properties of host materials. For the magnesium ion (Mg 2+ ), it is one side that the capacity is increased because two electrons participate in charge transfer reaction per Mg ion. The other one is down side which the movement of Mg ion is hindered by strong polarization resulted from interactions between cations and anions in the host structure. In general, particle size of host materials is an important factor affecting on the diffusivity of charge carriers, e.g. Li + , Na + , and Mg 2+ . As particle size of the host materials is decreased, the diffusion paths for charge carriers are shorten within the particles. In addition, the surface area of the host materials also increases greatly especially when the particle size decreases to the nanoscale. Reduced diffusion length allows faster movement of charge carriers in the particle while expanded surface area provides more contact with electrolyte. Consequently, kinetics for intercalation and de-intercalation of the charge carriers could be significantly enhanced.
On the other hand, various materials, e.g. TiS 2 , MoO 3 , V 2 O 5 , Mo 6 S 8 , etc. has been investigated as cathode materials for Mg rechargeable batteries. 4-9 Mo 6 S 8 exhibited an outstanding cycleability with capacity fading of less than 15% among those materials. 3 Intensive studies on Chevrel Mo 6 S 8 have been conducted since the reversible Mg 2+ intercalation into Chevrel Mo 6 S 8 has been proved. [10] [11] [12] [13] [14] [15] [16] Previously, nanoscale Mo 6 S 8 was synthesized by solid state method and its electrochemical characteristics were examined compared with microscale Mo 6 S 8 . 9 The nanoscale Mo 6 S 8 showed better reversibility and faster kinetics for Mg 2+ intercalation without significant capacity fading than microscale Mo 6 S 8 . However, it should be noted that currently employed solid state method for Mo 6 S 8 powder synthesis is limited to mass production because most of Mo 6 S 8 powders are synthesized in sealed quarts tube by multi-step heating up to 1050 °C. There is a strong need for finding a new synthetic method, therefore, for mass production of nanoscale Mo 6 S 8 .
Molten salt synthesis has been widely used to lower the reaction temperature of materials, requiring a high temperature treatment. In this method, the salt (e.g. KCl or NaCl) and reactants are thoroughly mixed and heated to the melting point of salt where the molten salt acts as a solvent. 17 Since the reactants are encapsulated by the molten slat, it is expected to isolate the reactants from the atmosphere effectively without using a quarts tube. Another advantage of molten salt synthesis is that particle size of products can be controlled by changing the amount of salt.
Herein, we prepared nanoscale Chevrel Mo 6 S 8 powders by molten salt method and examined their electrochemical properties as cathode materials for use in Mg rechargeable batteries. To investigate the effect of salt amount on the physicochemical properties of final product, Mo 6 S 8 powders were prepared under different salt to precursor ratios. Synthesized nanoscale Mo 6 S 8 showed various particle sizes as the amount of salt in precursors. The electrochemical properties of Mo 6 S 8 powders were evaluated with a constant current method under different current densities. In this study, we examined the feasibility of nanoscale Mo 6 S 8 synthesized by molten salt method as Mg intercalation host materials.
Experimental
Copper Chevrel powder (Cu-CP), CuMo 3 S 4 , was synthesized by molten salt method using a KCl (99% Sigma-Aldrich) salt. The Cu-CP synthesis and Cu leaching method were adopted from the previously reported protocol. 12, 13 Cu-CP precursors, CuS (≥ 99% Aldrich), Mo (≥ 99.9% Aldrich), MoS 2 (99% Aldrich) were grounded and then placed in an alumina crucible with different amounts of KCl. The ratios of KCl to Cu-CP precursor were 2:1, 4:1 and 6:1, respectively. The atmosphere of furnace was controlled with argon during the synthesis. The mixtures of salt and Cu-CP precursor were heated to 850 °C with heating rate of 150 °C/ h then held for 60 h at the same temperature. After that, the furnace was cooled naturally down to room temperature. The products (Cu-CPs) were washed thoroughly with DI water to remove residual salt. Washed Cu-CPs were placed and stirred in a 6 M HCl solution for 7 h with O 2 bubbling for Cu leaching. Obtained Chevrel powders (CPs) were washed with DI water thoroughly then dried at 120 °C for overnight.
The crystal structure of Cu-CPs and CPs were analyzed using an X-ray diffractometer (EMPYREAN, PANalytical) equipped with a 3D pixel detector and a Cu-Kα radiation (λ = 1.54056 Å). The morphology and composition of final powders were investigated by FE-SEM (JEM-7000F, JEOL) equipped with the INCA energy dispersive X-ray spectrometer (EDX, Oxford). Particle size analysis (PSA) was conducted using a Mictrotrac S3500 particle size analyzer (Microtrac INC., PA).
CP electrodes were prepared with composition of 73% of active material (CPs), 21% of Super P and 6% of polytetrafluoroethylene (PTFE) binder (60 wt % dispersion in water, Aldrich). Then electrodes were pressed on the current collector and dried under vacuum at 80 °C overnight. Cointype (2032) cells were assembled with CP electrodes served as working, Mg disk as counter and reference electrode in ultra-pure argon filled glove box (Korea Kiyon). A porous cellulose membrane was used as a separator. (PhMgCl) 2 -AlCl 3 /THF electrolyte was prepared by reacting 0.4 M AlCl 3 (99.999%, Aldrich) in THF (≥ 99.9%, Sigma-Aldrich) and PhMgCl (2 M in THF, Aldrich) with 1:2 ratio as reported elsewhere. 18 Electrochemical characteristics of CP electrodes were evaluated using a TOSCAT-3100U cycler (Toyo system Co.) at 23 °C. Figure 1 shows the XRD patterns of (a) Cu-CPs and (b) CPs synthesized with different KCl: precursor ratio. The XRD peaks of Cu-CPs and CPs are well indexed to rhombohedral (space group R-3) Cu 0.9 Mo 3 S 4 (ICSD #1213) and Mo 3 S 4 (ICSD #76372). The lattice parameters of Cu 0.9 Mo 3 S 4 were calculated to be a = 9.584 Å and c = 10.250 Å, while a = 9.200 Å and c = 10.880 Å for Mo 3 S 4 , which are well agreed with previously reported values. 19, 20 A small impurity peak was detected around 2θ = 14.5 o in all samples but it is negligible. These results demonstrate that the CPs can be synthesized by molten salt method after Cu leaching in a HCl solution from Cu-CPs. In this study, the ratios of KCl: precursor were controlled as a synthetic parameter. Figure 2 shows FE-SEM images of CPs synthesized with various KCl: precursor ratios. It can be seen that the CPs have different particles sizes due to the ratio change from the comparison of FE-SEM images as shown in Figure 2 (a-f). When the ratio increases from 2:1 to 4:1 the particle size decreases while the particle size increases with further increase of the ratio up to 6:1. We found that particle size were CP (4:1) < CP (6:1) < CP (2:1) in order as confirmed by PSA results. The D50 values were measured to be 0.24 μm for CP (4:1), 0.57 μm for CP (6:1) and 0.75 μm for CP (2:1), respectively. It seems that too much amount of salt possibly induces to grow the particle size of product. If the amount of salt is large at high temperature, all the salt changes to liquid phase and the system is located in the liquid phase region. The particles might homogeneously be nucleated in liquid phase and most particles nucleated heterogeneously on the surface of reactants. Thus, the largesized particles are obtained under too much salt content. 17 The electrochemical properties of CPs, having various sizes, were investigated in the potential window between 0.5 and 1.85 V vs. Mg/Mg 2+ with various current densities. The typical charge-discharge curves of CPs are presented in Figure 3 (a). It has been reported that there are two site for Mg 2+ intercalation in the structure of CPs 14 thus they exhibit two potential plateaus at around 1.3 V -1.2 V (plateau 1) and 1.1 V (plateau 2) vs. Mg/Mg 2+ during discharge. Two distinct plateaus were clearly observed for CP (2:1) and CP (6:1) while CP (4:1) showed a smoothly decreasing profile without any plateau. From the electrochemical cycling results of CPs, we found that the particle size of CP affects to Mg 2+ intercalation reaction. CP (6:1) with a particle size of 0.57 μm exhibited an initial discharge capacity of 85 mAhg −1 and CP (4:1), having the smallest particle size of 0.24 μm, showed the smallest capacity of 73 mAhg −1 . In the case of CP (2:1) with a particle size of 0.75 μm, the discharge profile is not much different with that of CP (6:1) with a capacity of 78 mAhg −1 . Against our expectation, CP (4:1) showed high polarization and small capacity even though it has the smallest particle size. This abnormality could be explained by increased resistance resulted from side reaction on the surface of particles. When the particle size of active material is decreased, electrochemical activity and intercalation kinetics can be enhanced but the unwanted chemical activity would be increased. Therefore, we claimed that CP (6:1) has most suitable particle size among the prepared CPs. When one analyzes more details on discharge profiles of CPs, it can be found that the plateau 1 (1.3 V -1.2 V) related kinetics is directly related to the particle size of CP. CP (6:1) has the largest capacity and the highest voltage at plateau 1, which is attributed to the improved Mg 2+ intercalation in the proper particle size. The achieved capacities of CPs at each voltage plateau are presented in Figure 3 (b). It should be noted that the capacities of plateau 1 vary with CPs while the ones of plateau 2 (1.1 V) are similar to each other. At plateau 1, CPs delivered the capacity of 26.2 mAhg −1 (CP (6:1)), 18.6 mAhg −1 (CP (2:1)), and 12.9 mAhg −1 (CP (4:1)), respectively while all CPs have similar capacities around 60 mAhg −1 at plateau 2.
Results and Discussion
We referred that these plateaus are related to the Mg 2+ In this regard, we claim that controlling particle size is effective way to improve the Mg 2+ intercalation for 0 < x < 1 in Mg x Mo 6 S 8 . The nanoscale CP (6:1), synthesized by molten salt method showed an outstanding intercalation property in this study. In addition to the plateaus at 1.3 V -1.2 V (plateau 1) and 1.1 V (plateau 2), extra plateau was observed around at 0.7 V. It is originated from the residual Cu in the Cu x Mo 6 S 8 caused by uncompleted Cu leaching. 12 The electrochemical performance of Chevrel phases containing different amounts of Cu have been investigated and the results showed that the capacity corresponding to the reactions involved in 0.7 V plateaus is getting lager along with higher Cu content. Amounts of left over Cu in the CPs were analyzed using ICP-OES to clarify the origin of 0.7 V plateau. The Cu concentration was less than 0.15 at.% and this amount is not large enough to correlate the capacity at 0.7 V plateau. The only possible Cu source is then Cu mesh which was used as current collector. But many previous reports used Cu foil as a current collector in the same electrolyte system that we studied without the issue of Cu dissolution into the electrolyte. [22] [23] [24] In fact, the redox potential of Cu is around 2.8 V vs. Mg/Mg 2+ which is high enough from the charge cut-off potential used in this study (1.85 V vs. Mg/Mg 2+ ). To investigate the origin of 0.7 V plateau, cycled CP electrodes were analyzed using SEM-EDXS. After 50 cycles, each cell was disassembled at the charged state and washed thoroughly using THF before the analysis. The images of Cu mapping on CP electrodes are shown in Figure 4 . Significant amounts of Cu were detected in all of the CPs after cycling. It is likely that the 0.7 V plateau is the result of Cu insertion into CP electrode and the source of Cu was originated from a Cu mesh current collector. Meanwhile, trapped Mg contents in the electrodes were in order of CP (6:1) < CP (2:1) < CP (4:1). The reason of the highest Mg content in CP (4:1) having the shortest diffusion length is attributed to the possibility of side reaction between active material and the (PhMgCl) 2 -AlCl 3 /THF electrolyte. CP (6:1) showed the better result for the Mg intercalation than other CPs under the experimental condition in this study. Furthermore, this result shows that electrochemical insertion of Cu into Mo 6 S 8 is favorable if there are available Cu ions thus it should be avoided to use Cu current collector to study electrochemical Mg intercalation only into the CP.
In Figure 6 (a), CP (6:1) shows the good rate capability compared to the others. The discharge capacity of CP (6:1) was about 27.5% and 33% higher than those of CP (2:1) and CP (4:1) at current density of 1/5 C, respectively. As particle size was decreased from 0.75 µm CP (2:1) to 0.57 µm CP (6:1), the discharge capacity was increased due to the shorter diffusion length of Mg 2+ whereas the further decrease of particle size from CP (6:1) to CP (4:1) was not beneficial for the rate characteristics of CPs. The discharge capacity of CP (4:1) was initially similar to CP (6:1) then it was decreased with increased current density. Although CP (4:1) showed relatively poor rate characteristics, its original capacity has been recovered at low current (1/24 C). This result implies that the bulk structure of CP (4:1) is remained intact during the rate test. Therefore, most of capacity is recovered at low current rate where the concentration of Mg 2+ changes closely with equilibrium in MgxMo6S8. The capacity loss at high current is attributed to increased surface resistance by the side reaction between CP (4:1) and electrolyte. Excessive reducing on particle size of CP may leads to unwanted side reaction arising from its large surface area. The extra charge capacity was observed for all of the nanoscale CPs exhibiting the possibility of existence of side reaction. The coulombic efficiencies leach to > 99% for CP (2:1) and CP (6:1), and < 98% for CP (4:1) during the rate capability test. Figure 6 (b) exhibits the galvanostatic cycling results (capacity vs. cycle number) measured with a constant current density of 1/5 C. At the first discharge, CPs have similar discharge capacities around 120 mAhg −1 (1/24 C) which were close to the theoretical capacity (122 mAhg −1 ) of Mo 6 S 8 . The capacities of CPs decreased to 84 mAhg −1 for CP (6:1), 71 mAhg −1 for CP (2:1), and 65 mAhg −1 for CP (4:1) as cycle test was started with 1/5 C. All CPs showed good cycling performance. The specific discharge capacities of CPs were slightly increased with cycle (less than 4% after 50 cycles). This phenomenon was also found in rate capability test results (Figure 6(a) ). It seems that Mg 2+ intercalation became more reversible as cycle number increased, which the host structure is modified to accommodate Mg 2+ more easily.
Conclusion
In this study, CPs with various particle sizes were successfully synthesized by molten salt synthesis. The ratio of KCl: precursor was controlled as a synthetic parameter. When the amount of salt was increased from 2:1 to 4:1, the particle size decreased from 0.75 to 0.24 μm. However, the particle size increased to 0.57 ìm when the ratio changed into 6:1. Mean particle size of CP was smallest for CP (4:1), CP (6:1) and CP (2:1) in order. The electrochemical properties of CPs were improved by decreased particle size because of reduced Mg 2+ diffusion path. Particle size reduction from CP (2:1) to CP (6:1) was beneficial to enhance the discharge capacity and reversibility of Mg 2+ intercalation/de-intercalation attributed to shorter diffusion length. However, further particle size reduction to CP (4:1) induced to increase of unwanted side reaction. The CP (6:1) is the optimal condition for good electrochemical properties such as discharge capacity, rate capability and cycling stability.
